Abstract
Introduction 28
The effect of the veterinary drug residues on human health is of increasing concern 29 due to the growing consumption of animal derived products (Baynes et al., 2016) . 30
Penicillin, a β -lactam antibiotic, has been widely used in food-producing animals 31 (cattle, pigs and poultry) as a veterinary antibacterial agent to control diseases due to its 32 high bacterial killing efficiency, relatively low toxicity and cost (Edwards and 33 Brownlee, 1946; Dunlop et al., 1998) . Penicillins also work as growth promoters to 34 enhance the feed efficiency in animal husbandry (Barton, 2000) . 35
With the development of drug-resistance in bacteria, penicillin is often used at higher 36 dosage rates than those indicated on the manufacture recommendations (Chiesa et al., 37 2006) . The typical dose of penicillin used in cattle by intramuscular injection is 38 approximately 3.5 to 10 times greater than the US approved dose (Payne et al., 2006) . It 39 was reported that during the years of [2005] [2006] [2007] [2008] [2009] , nine countries in the EU consumed a 40 total of 11,342 tonnes antibiotics, of which 18.96% was penicillin, with the majority 41 used in Finland, Netherlands and the United Kingdom (Grave et al., 2012) . In 2011, 42 total sales and distribution of penicillin approved for use in food-producing animals was 43 885 tonnes in the USA (FDA, 2014) . In China, 4960 tonnes of penicillin was used in 44 animals during the year of 2013 (Zhang et al., 2015) . 45
With the large amount of penicillin used, there are increased risks of exceeding the 46 Maximum Residue Limit (MRL) range (4 µg kg -1 and 50 µg kg -1 in milk and muscle, 47 respectively (Di Corcia and Nazzari, 2002; Commission, 2009) ). According to the 48 USDA National Residue Program report, penicillin residues in excess of legal permitted 49 levels were detected in 22% of the total number of violations in the US (Li et al., 50 2017a) . One study reported that in milk, 28% of collected samples were antibiotic 51 positive, of which 11% were considered non-compliant with current European Union 52 3 regulations of penicillin (Junza et al., 2014) . Becker et al reported that the highest 53 concentration of penicillin residues in bovine kidney and milk were 1200 µg kg -1 and 54 536 µg kg -1 , respectively (Becker et al., 2004) . In Italy, Ghidini et al. found that the 55 highest concentration of penicillin residues in milk was 6240 µg L -1 with the mean 56 concentration of 510.2 µg L -1 of collected samples (Ghidini et al., 2003) . Samanidou et 57 al. reported that the concentrations of penicillin residues in beef were 156 µg kg -1 and 58 489 µg kg -1 , which were collected in Greek local markets (Samanidou et al., 2007) . 59 Myllyniemi et al. reported that the number of penicillin residues in kidney and muscle 60 samples above 400 µg kg -1 were 10 and 3, respectively, which were from 61 slaughterhouses around Finland (Myllyniemi et al., 2000) . Penicillin residues have been 62 reported in chicken from 'organic' farms with a concentration of 1.3 ng g -1 , which was 63 labelled as antibiotic-free in Hong Kong local markets (Li et al., 2017b) . In some 64 developing countries, the level of penicillin residues in animal derived products may be 65 under reported due to the lack of quality assurance programs (Kabir et al., 2004; 66 Kang'ethe et al., 2005; Babapour et al., 2012) . In addition, β -lactams antibiotics were 67 detected in 10% of the urine samples from children aged 8-9 in China, with the highest 68 concentration of 40000 ng mL -1 for ampicillin (Wang et al., 2015b) . 69 6 The acute intraperitoneal toxicity study for calculating LD 50 was carried out 126 according to the OECD423 guideline (OECD(2002) ) and Kaber's method (Wang et al., 127 2010) Of the cohort, one female mouse and one male mouse were found crawling in circles 224 around the cage continuously in the 60× and 600× dose group after 2 months feeding; 225 this symptom lasted two weeks in the mouse in the 60× dose group, while it occurred in 226 the mouse in the 600× dose group intermittently for the rest of the test. Mice in 600× 227 dose group seemed abnormally active. At the end phase of the study, there was not a 228 single mouse found to be dead due to drug induced toxicity. 229
There was a significant decrease in body weight in the female test mice compared 230 with those in the control group (Figure 1 ). In the male mice, the decreased body weight 231 was only found in the 600× dose group while increased body weight was found in the 232 6× and 60× dose groups compared with those in the control group. The dose level of different groups were: control groups (0.9% saline solution), 6× 237 groups (92.5 μ g 25 g -1 day -1 ), 60× dose groups (925 μ g 25 g -1 day -1 ) and 600× dose 238 groups (9.25 mg 25 g -1 day -1 ) for 6 months. A. Mean body weights of female test mice. 239 B. Mean body weights of male test mice. The data were expressed in mean±SD. 240
Effect of chronic BPHCT administration on the biochemical serum parameters 241
The biochemical parameter profiles from control and treated mice are shown in Table  242 2. The level of IgE, IL-4 and 13 in both genders were raised compared with those in the 243 control groups, but these data did not present significant difference to the data in the 244 control groups (Table 3) . 245 246 
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* Significantly different from control group at P < 0.05. ** Significantly different from control group at P < 0.01.
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Effect of chronic BPHCT administration on Organ ratios and Histopathology 263
The data of organ ratios from control and treated mice are shown in the In the 600× dose groups, seminiferous tubules (long arrows) were loosed and interstitial 301 broadening. The decreased population of sustentacular cells (short arrows), necrotic 302 spermatids (arrow head) and the fewer spermatids remained within the lobules (the 303 circles) were observed. While, these histopathlogical changes could be observed less in 304 the 60× dose group. No characteristic histopathological changes were observed in testis 305 of Control and 6× groups. 306
Effect of chronic BPHCT administration on sperm aberration rate 307
Several sperm abnormalities including hookless and amorphous were observed with a 308 high frequency in the 60× and 600× dose groups, and at a lower frequency in the 6× 309 dose group administered with BPHCT residue in HAFP orally for 6 months ( Figure 5 , 310 Table 5 
Effect of chronic BPHCT administration on Polychromatic erythrocyte 326 micronucleus formation 327
Compared with the control group, no statistically significant increase in the 328 micronucleus formation was observed in mice feed with experimental diets in 6× and 329 60× dose of BPHCT for 6 months (Table 5) shows the normal polychromatic erythrocytes in the picture. B (6× group) and C (60× 338 dose group) present a lower rate of polychromatic erythrocyte micronucleus (short 339 arrows) formation. A significant increase in the micronucleus formation was observed 340 in D (600× dose group). One or two micronucleus could be observed in one cell. 341
Discussion 342
Recent studies have showed that animal derived products containing penicillin 343 residues exceeding the regulatory safety level have caused an increasing health concern 344 to consumers globally (Baynes et al., 2016) . Many studies have demonstrated that the 345 20 structure of penicillin is unstable at high temperatures (Tian et al., 2017) . However, very 346 few studies have reported the toxicity of penicillin heated to cooking temperature, and 347 the safety of penicillin residues in HAFP. Hence, assessment of the toxicity of penicillin 348 residues in HAFP is required and necessary to advise protocols pertaining to public 349 health. In this study, the toxic effects of BPHCT residue were investigated in a mouse 350 model. 351
In the acute toxicity study, the LD 50 of BPHCT was 933.04 mg kg -1
. A previous study 352 reported that the LD 50 of BPG was 3500 mg kg -1 injected intraperitoneally (Hobby, 353 1968) . The result suggested that the toxicity of BPHCT was 3.75 times higher than its 354 prototype. 355
It has been reported that a decrease in body weight has been used to demonstrate the 356 adverse effects of chemicals and drugs (Teo et al., 2002) . In the chronic toxicity study, 357
we suggest that the decreases in the mean body weights in test mice were the result of 358 the adverse effects caused by BPHCT. However, the reason for the promotion of growth 359 in 60× dose male group was not clear, which should be subject to further investigation. 360
Abnormal activity and crawling in circles are likely to be neurological symptoms, which 361 may lead to the suppression of body weight growth in the test animals. The BPHCT 362 residues in HAFP may possibly be responsible for the decreased growth and abnormal 363 symptoms in the test mice. 364
Haematological analysis is a relevant part of toxicity evaluation for its higher 365 predictive value for human toxicity (Olson et al., 2000) . The levels of BUN and CREA 366 in serum are important markers for kidney damage. The level of BUN increases when 367 the blood volume and Glomerular Filtration Rate decrease (Lee et al., 2007) . The level 368 of CREA increases as the filtration rate decreases (Wang et al., 2015a) . Present results 369
showed that the levels of BUN and CREA in the serum of 600× dose male group but 370 21 not the female group were significantly increased compared with those in the control 371 group. High levels of BUN and CREA indicated that BPHCT in HAFP might affect the 372 Glomerular Filtration function and even cause the kidney damage or necrosis to male 373 kidney cells. 374
The two transaminases AST and ALT are used as biomarkers to evaluate the function 375 of liver and their elevated values in the serum are indicative of liver damage 376 (Tennekoon et al., 1991) . Our results showed increased levels of ALT, AST in female 377 test mice compared with those in the control group, indicating liver damage in these 378 animals. Apart from ALT and AST, the other biomarker-TBIL, is also used to evaluate 379 liver function. TBIL is consisted of DBIL and IBIL, and a high bilirubin concentration 380 may indicate the liver dysfunction (Wang et al., 2014) . In our study, these serum 381 parameters changed markedly in test mice compared with those in control groups, 382 which indicated that the liver function might be affected in BPHCT treated mice. Taken 383 together, the results suggested that high dose of BPHCT residues might be toxic to liver, 384 affecting liver function. 385
Histopathological assessment of the liver showed that the hepatocyte granular 386 cytoplasm, necrotic changes and hepatitis were found in liver tissues in mice in the 387 600× dose cohort. These histopathological findings may have a correlation with changes 388 in the level of ALT, AST and the bilirubin in the serum of 600× dose mice. These 389 evidences may prove the potential hepatotoxicity of BPHCT. According to our UPLC-390 MS/MS results, BPG broke down to form benzylpenicillenic acid, N-391 (phenylacetyl)glycine, isobenzylpenillic acid, benzylpenillic acid, benzylpenicilloic acid 392 and polymers that similar to the result reported previously (Depaolis et al., 1977) . These 393 degradation products are highly immunogenic agents due to the rupture of β -lactam ring 394 and the penicilloyl group formation, which bind with protein via a covalent bond to 395 22 form a completed antigen (Levine and Price, 1964; Wal et al., 1975) . We theorised that 396 the inflammatory cell infiltration and consolidation changes in lungs might be the result 397 of increasing inflammatory cell stimulated by penicillin degradation products binding 398 proteins. According to our results, parameters of IgE and interleukins in the test groups 399 increased with different degrees but not significantly. Here, we hypothesise that the 400 presence of relatively high level of IgE and interleukins in the serum could be specific 401 for the degradation products of BPHCT. Interestingly, we didn't find obvious 402 histopathological evidence in the brain to explain the neurological symptoms of test 403 mice. However, it had been reported that penicillin was neurotoxic (Nicholls, 1980) . 404
The observed neurological signs of test mice should not be ignored and the mechanism 405 needs further elucidation. 406
We know that naturally occurring mistakes or exogenous factors such as genotoxicity 407 chemicals and irradiation may cause sperm aberration or spermatogenic dysfunction 408 during the differentiation (Bruce et al., 1974) . In our test, we observed that the sperm 409 aberration rates in the 60× and 600× feeding groups were significantly increased 410 compared with those of the control group. The two test groups displayed characteristic 411 shapes indicating morphological changes, including hookless and amorphous heads. 412
This suggests that high concentration of BPHCT residue might affect spermatogenic 413 tissues. The histopathological study of the testis also showed dead spermatogonia cells 414 and the decreased population of sertoli and sperm cells in spermatogenic tissues, which 415 are the evidence to support the possible toxicity of BPHCT on spermatogenic tissues in 416 mice. On the other hand, the micronucleus assay is considered a preferred method for 417 assessment of genotoxic effect and chromosome damage caused by exposure to ionizing 418 radiation or carcinogenic chemicals (Chauhan et al., 2000; Fenech, 2000) . Multiple 419 micronuclei may form as the chromosome lagged behind and fail to incorporate into 420 23 daughter nuclei during the anaphase of mitosis. In the polychromatic erythrocyte 421 micronucleus assay, the formation rate of micronucleus in the bone marrow cells from 422 600× dose group increased significantly compared with that of the control group. Based 423 on our results, we suggest that higher dose of BPHCT residue might interfere a lagging 424 acentric chromosome fragment and be a potential genotoxicity agent. Therefore, our 425 results suggested that sperm aberration and micronucleus formation caused by 426 degradation products of BPHCT in mice indicates possibilities of sperm toxicity and 427
genotoxicity. 428
This work has clearly demonstrated potential toxic effects of BPHCT in vivo. We 429 investigated the potential toxicity of HAFP contaminated with penicillin residues, which 430
has not been studied and remained as a blind spot of the public health authorities and 431 consumers. The five major thermal degradation products of BPHCT contain different 432 functional groups such as carboxyl-, hydroxyl-, sulfhydryl-and carbonyl-group etc., 433 which could explain the observed toxicity in mice. Polymers formed in the process also 434 need to be paid more attention to due to their complex structures. Among these 435 products, only the toxicity of benzylpenicilloic acid has been evaluated in vivo and in 436 vitro (Cui et al., 2018) . More studies are needed to address the toxic effects of these 437 degradation products of BPHCT. 438
According to our pilot study, we found that low dose of BPHCT doesn't show toxic 439 effects in mice. The high doses of BPG (60× and 600× dose) were used in the chronic 440 study to evaluate the potential toxicity after heat treatment but not death or severe 441 suffering based on the OECD guidelines, even though the concentration is significantly 442 higher than those observed in the environment. In some countries, especially in 443 developing countries and some rural areas, BPG residues are a major issue due to its 444 illegal use and poor management of withdrawal period (Babapour et al., 2012) . 445 24 Therefore, the possibility of exposing high dose of BPG residues to the public should 446 not be ignored. 447
In another aspect, there are huge differences in the policies of penicillin usage and 448 residues levels worldwide. Present results may be not valuable to those countries that do 449 not allow the use of penicillin in animal husbandry. Nevertheless, this study 450 systematically reported the toxicity of penicillin residues in animal derived products 451 heated to cooking temperature and their potential threats to public health. It also 452 suggested that although rarely reported, the potential harm posed by other antibiotic 453 residues in food should be investigated. 454
Conclusions 455
In summary, the toxicity of BPG is increased by over 3.75 times as a result of heat-456 treatment. The BPG has no significant side effect at the 6× dose level in edible animal 457 tissue after heat-treatment. However, over 60× or 600× dose level may lead to various 458 toxicities, particularly the potential hepatotoxicity and pulmonary toxicity, as well as 459 sperm aberration and micronucleus formation after long time exposure. Taking the 460 thermal process into account, this study provides the toxicity evaluation of antibiotics 461 residue in animal derived products, which would inform the legislation on antibiotic 462 usage guidelines. It is necessary for the government to perform a strict supervision and 463 withdrawal period on the use of penicillin and other heat-unstable antibiotics in animal 464 
